The bound state problem of D 0D * 0 (D 0 D * 0 ) is relevant to the molecular interpretation of the X(3872). We investigated this problem in a chiral quark model by solving the resonating group method equation. We found the system is unbound through S-wave π and σ interactions. The inclusion of ρ and ω meson exchanges is helpful to the formation of a molecule. Because the binding energy relies on the coupling constants, we cannot draw a definite conclusion whether a molecular state exists in D 0D * 0 (D 0 D * 0 ) system. When moving on to the bottom counterpart, we obtained an S-wave BB * state.
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I. INTRODUCTION
In recent years, a number of new charmonium-like states have been observed [1, 2, 3, 4] . One of the most interesting states is the X(3872). The Belle Collaboration first discovered this state in the π + π − J/ψ channel of B decay in 2003 [5] . Thereafter, CDF [6] , D0 [7] , and BaBar [8] collaborations have confirmed its existence. The X(3872) is almost on the threshold of D 0 D * 0 . Its width is very narrow (Γ < 2.3 MeV from the Particle Data Group [9] ). The measurements from Belle [10] and CDF [11] favor the quantum numbers J P C = 1 ++ , but 2 −+ have not been ruled out yet. In the search for a charged X state, BaBar excluded the isovector hypothesis [12] .
Experiments have accumulated much information about the decay of the X(3872). The analysis from CDF [13] supports that the two pions in the channel X(3872) → π + π − J/ψ come from the ρ meson. In addition, Belle observed the 3π decay π + π − π 0 J/ψ and the radiative decay γJ/ψ [14] . BaBar also reported the evidence of the latter mode [15] . The measured ratios include [14] B(X(3872) = 0.14 ± 0.05 (2) and [8, 15, 16] B[X(3872) → γJ/ψ] B[X(3872) → J/ψπ + π − ] ≈ 0.3 .
One notes the ratio between the 3π mode and the dipion mode in Eq. (1) indicates the large isospin violation when the X(3872) decays. . This state has been confirmed by BaBar [18] . It is unclear whether or not these two X states are the same one. If the X(3875) is identical to the X(3872), there are two more ratios [17] 
The exotic properties of the X(3872) have triggered heated discussions about its nature. The low mass, the extremely narrow width and the large isospin violation decay are difficult to understand in the conventional cc assignment [19] . Up to now, there exist many interpretations: a molecular state [20, 21, 22, 23, 24] , a cusp [25] , an S-wave threshold effect [26] , a hybrid charmonium [27] , a four quark state [28, 29] , a vector glueball mixed with some charmonium components [30] and a dynamically generated resonance [31] . In addition, there are discussions that the puzzles for the X(3872) may possibly be resolved in the scheme of mixing [32, 33, 34, 35, 36] .
The molecular interpretation is the most popular one in understanding the structure of the X(3872). In fact, the existence of a loosely bound molecule (deuson) of two heavy mesons has been proposed long ago [37, 38, 39] . In such systems, the contribution from the kinetic term is lowered because of the presence of the heavy quarks. Since the attraction from the light quarks is unaffected by the mass of the heavy quark, the formation of the heavy deuson is possible. According to the calculation in Ref. [39] , several deusons of two bottom mesons should exist while the predicted deusons of two charmed mesons are close to the thresholds.
The proximity of the mass of the X(3872) to the threshold of D 0D * 0 (D 0 D * 0 ) motivated its molecular interpretation. Numerous discussions have taken place within this picture [40, 41, 42, 43, 44, 45, 46, 47, 48] . The mass, the quantum numbers J P C , the isospin violating decay and the 3π decay appear to be naturally understood.
However, the ratios in Eq. (2) [42] .
Therefore, whether the molecular picture is correct or not remains inconclusive. This question is relevant to whether D 0D * 0 (D 0 D * 0 ) can form a molecule. Up till now, the dynamical studies of this system are still scarce. In the calculation of Swanson [23] and Wong [22] , binding is possible when the short-range quark-gluon force is considered. However, the purely molecular assumption of the X(3872) was questioned in Ref. [33] .
In order to further understand the nature of the X(3872), it is worthwhile to study dynamically the molecular assumption for the X(3872) with various methods. In a previous work [49] , we have investigated at hadronic level whether the formation of a bound state of D 0 and D * 0 is possible. We found that one pion and one sigma exchange interactions could not bind the system to an S-wave molecule. The same framework was also applied to the newly observed Z + (4430) [50] . In this paper, we reanalyze whether the X(3872) could be an S-wave D 0D * 0 molecule in a different approach. We will study this system in a chiral constituent quark model and calculate the binding energy by solving the resonating group method (RGM) equation [51, 52] .
The chiral quark model [53] is a useful tool in connecting QCD theory and the experimental observables, especially for the light quark systems. This phenomenological model has been quite successful in reproducing the energies of the baryon ground states, the binding energy of the deuteron, the nucleon-nucleon (N N ) scattering phases and the hyperon-nucleon (Y N ) cross sections. In this model, the interacting potentials between the two constituent quarks include the confinement, the one-gluon exchange (OGE) part and the pseudoscalar and scalar meson exchange part. It has been controversial whether OGE or vector-meson exchange dominates the short-range quark-quark interaction in the low-lying baryon states. Thus the vector meson exchange part has been included in Ref. [54] . The model was named as the extended chiral SU(3) quark model. It was found that the OGE is nearly replaced by the vector meson exchanges. By solving the RGM equation, the experimental observables were well reproduced.
Recently, the chiral quark model has been extended to study bound state problems for the baryon-meson system [55] and baryon-antibaryon system [56] by solving the RGM equation. In this work, we will study similar problem for the D 0D * 0 system within this approach. This paper is organized as follows. In Section II, we present the formalism for the calculation. In Section III, we give the methods to determine the parameters and their values. Then in Section IV we show the numerical results, and the last section gives a summary and discussion. If the X(3872) is really a molecule, the wave function in flavor space should be [2, 49] 
where the ellipsis denote other hadronic components. Because of the large isospin violation in the decay, one expects the first part dominates with a 0 >> a 1 . In the following calculation, we study whether D 0 andD * 0 may form an S-wave molecule with the flavor wave function [49] 
If the answer is yes, this molecular state should lie below the threshold and identifying the X(3872) as an X D -dominated molecule is favored. Otherwise, the pure molecular interpretation of the X(3872) is problematic. We search for an answer by calculating the binding energy of the system D 0D * 0 . Besides the pion and sigma exchange interactions, the ρ and the ω exchange effects are also considered and discussed.
B. Hamiltonian
The details of the chiral SU(3) quark model can be found in Refs. [53, 54] . Here we just present essential constituents for the calculation. The Hamiltonian has the form
where T i is the kinetic term of the ith quark or antiquark and T G is the kinetic energy operator of the center of mass motion.
The potential of the OGE part reads
where F From Refs. [53, 54] , one gets
Where G M is the G-parity of the exchanged meson and
The tensor term and the spin-orbital term have been omitted in the potentials since we consider only S-wave interactions. We use the same cutoff Λ for various mesons. Its value is around the scale of chiral symmetry breaking (∼1 GeV).
C. Bound state problem
According to the quark cluster model, the wave function of the two mesons system in coordinate space reads
where ξ A = r 2 − r 1 and ξ B = r 4 − r 3 are the internal coordinates of clusters A and B respectively, R AB is the relative coordinate between the two clusters, and R cm is the center of mass coordinate of the system. ψ A (ξ A ), and ψ B (ξ B ) are the wave functions of A, B and Z(R cm ) represents the center of mass motion wave function of the system in coordinate space. All of them are treated as Gaussian functions:
where m A = m B = mqmQ mq+mQ is the reduced mass for the cluster A or B and M AB = M A +M B = 2(m q +m Q ) is the total mass of the two clusters. The universal oscillator frequency ω is associated with the width parameter b u of the up quark through
The unknown relative orbital wave function χ(R AB ) is expanded to partial waves
where The RGM equation for the bound state problem reads
where
with
Here φ A (φ B ) denotes the total wave function of the cluster A (B), which includes the radial and spin parts. By solving Eq. (24), the energy E and the corresponding relative motion wave function of the system (c i ) are obtained. From the energy E, it is easy to derive the binding energy
is negative, the system would be unbound.
III. DETERMINING THE PARAMETERS
There are numerous parameters in the Hamiltonian and the wave functions: g q , g Q , a c qQ , a c0 qQ , m Q , m u , ω, g ch , g chv , f chv and Λ. The mass of the phenomenological σ meson is also treated as an adjustable parameter.
One should note, M D 0 , M D * 0 and M XD are all calculated with the Gaussian functions presented in the former section. The binding energy will be irrelevant to the internal potentials of the color-singlet mesons because of the cancellation. That is, the form of the confinement and the values of g q , g Q , a c qQ and a c0 qQ will not give effects to the numerical result of E 0 . This feature can be understood with the effective potential between the clusters A and B in the generator coordinate method:
One can examine that the parts due to V OGE and V conf of Eq. (8) are exactly zero. Therefore, we may take any values, in principle, for these four parameters. In the following calculation, we deduce g Q , a In the determination, we treat m u , m s , ω (or b u ), m Q , g u and g s as inputs. For the up and strange quark masses, we use the values given in the previous work [53, 54, 55, 56] [55, 60] . With these inputs, one gets sets of fitted values. Selected results are presented in Table I . Actually, in the two meson molecule picture (see Fig.1 ), the meson exchanges play the dominant role in the energy of the system. The parameters of this part include the quark-meson coupling constants and the meson masses. In the chiral quark model, the π and σ exchanges have the same coupling constant, named g ch , because of the chiral symmetry requirement. The coupling constant g ch is fixed through [54] .
To study the effects due to the uncertainty of the mass of the σ, we use m σ =595 MeV, 535 MeV and 547 MeV [54, 55] . For other mesons, we take the masses from the particle data book [9] : m π 0 = 134.98 MeV, m ρ 0 = 775.8 MeV and m ω = 782.59 MeV. In the calculation, we adopt the cutoff Λ = 1000 MeV, 1100 MeV and 1500 MeV.
In this work, we also calculated the binding energy for the case of bottom analog where the flavor wave function is
The procedure to determine the parameters is very similar. Now the ground state mesons B, B * , B s , B * s , Υ (1S) and η b are used. As an input, we choose m b = 4720 MeV which is close to the value in Ref. [62] , m b =5100 MeV [63] and m b =5259 MeV [59] . By repeating the fitting procedure, one gets sets of parameters. We present the selected results in Table II . 
IV. NUMERICAL RESULTS
Before the numerical evaluation, we first take a look at the effective potential
where the generator coordinate S can qualitatively describe the distance between the two clusters. These potentials rely on the meson exchange part in Eq. (8) . We illustrate the potentials corresponding to various considerations in Fig. 2 . From Fig 2, one sees that the interactions from π, σ, ρ and ω are all attractive [64] . The amplitudes for ρ and ω exchanges are comparable and their contributions should not be ignored arbitrarily. We will consider π and σ interactions for the moment and then include the vector meson contributions. Now we calculate the binding energy for the system D 0D * 0 through solving Eq. (24). Here we do not constrain the sets of the parameters with the experimental data like the studies in Ref. [54, 55] . After exploring all possible combinations of the parameters in the former section, we fail to get a bound state solution. Thus the D 0D * 0 system is unbound when we consider only S-wave π and σ exchange interactions in this framework. This conclusion agrees with that of Ref. [49] .
Since the bottom quark is much heavier, the possibility of getting a bound state in the B meson systems is increased. Our former dynamical calculation is in favor of the existence of an S-wave X B molecule. We also study this case in the present framework. When applying the evaluation to the bottom analog BB * , we get positive binding energies with the parameters in Section III. The results are given in Table III . From that table, one finds a larger binding energy can be obtained with a larger m b , a smaller m σ , a smaller b u or a bigger cutoff Λ. A deeper bound state should have a smaller root-mean-square radius r rms , which is also illustrated in Table III. To explore additional effects, we move on to include the vector meson exchanges. We use the parameters to reproduce experimental data for light quark systems [54] . The parameters and the results for D 0D * 0 and B +B * − are presented in Table IV and V, respectively. For comparison, the solutions without considering vector mesons are also given. Now a bound state seems to be possible in the D 0D * 0 system. For its bottom analogy, the vector meson exchange interactions increase the binding energy about 10-20 MeV.
Up till now, we considered only neutral components of the system. In Refs. [65] and [66] , the authors studied the case with symmetric wave function case (i.e. a 0 = a 1 = 1 √ 2 in Eq. 6) and they found the coupling to charged components is important. We also present the numerical results for this case in Table VI and VII which support the result that the channel coupling should be considered in studying X(3872). 
V. SUMMARY AND DISCUSSIONS
In this work we have studied whether D 0D * 0 (D 0 D * 0 ) may form an S-wave molecule bound by the π, σ, ρ and ω exchange interactions in a chiral quark model. These potentials are all attractive. By solving the RGM equation, we failed to get a binding solution in this system if we consider only π and σ contributions. When the vector meson contributions are included, the existence of D 0D * 0 molecule seems to be possible. The coupling to charged components is also important for a bound state.
When moving on to the heavier B meson system, we obtain binding state solutions. Our calculation favors the existence of an S-wave BB * (BB * ) molecular state, which agrees with the conclusion from Ref. [49] . It will be very interesting to search for such a bound state in the radiative decay channel X B → B + B − γ and the strong decay channel X B → π + π − Υ in the future. Finding it may be possible at the Tevatron or with the Large Hadron Collider beauty (LHCb) experiment [67] . In the study of the deuteron, it was found that the tensor force which mixes the S-wave and D-wave interactions is crucial in binding the proton and the neutron. In an earlier calculation it was also concluded that the tensor potential is very important in the mesonic case [39] . In the present work, we did not consider effects from the Dwave. Further study using the current approach will be helpful to clarify whether this part can lead to a loosely bound D 0D * 0 (D 0 D * 0 ) state. From the numerical values, we observe that vector meson contributions are important in binding two colorsinglet mesons. However, the results rely on the vector coupling constants g chv and f chv . Here we would like to mention that in our calculation the parameters of light quark part are taken from Ref. [54] , in which the calculated N N scattering phase shifts and the binding energy of deuteron are consistent with the experimental data. But since the mechanism of the short range quark-quark interaction is still an open problem, whether OGE or vector meson exchange is dominate, or whether both of them are needed, one should be cautious when making conclusions from these results.
In short summary, we have performed a dynamical calculation to investigate whether the D 0D * 0 (D 0 D * 0 ) may form a molecule by considering the π, σ, ρ and ω exchange interactions. We could not find an S-wave molecular state in this system in the chiral quark model while its existence is not excluded in the extended chiral quark model. More details of the dynamics should be considered in further study of the X(3872). If it is really not a molecule, the scheme of mixing a charmonium and a molecular state is probably a way to solve the puzzles of the X(3872).
